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Abstract: Monolithic integration of III-V lasers with small 
footprint, good coherence and low power consumption 
based on CMOS-compatible Si substrate has been known as 
an efficient route towards high-density optical interconnects 
in the photonic integrated circuits. However, the material 
dissimilarities between Si and III-V materials limit the 
performance of monolithic microlasers. Here, under the 
pumping condition of continuous-wave 632.8nm He-Ne gas 
laser at room-temperature, we achieved InAs/GaAs quantum 
dot photonic crystal band-edge laser, which is directly grown 
on on-axis Si (001) substrate, which provides a feasible route 
towards a low-cost and large-scale integration method for 
light sources on the Si platform. 

© 2020 Optical Society of America under the terms of the OSA 
Open Access Publishing Agreement 

1. Introduction 

Advanced microscale silicon photonics technology has 
emerged as a promising candidate for the next-generation 
chip-scale data communication network due to its unique 
advantages of low cost, high integration density, high speed 
and energy efficient [1-2]. However, a highly efficient 
microscale Si-based light source is still considered as the 
obstacle for realizing a practical Si-based photonic integrated 
circuit (PIC), due to the indirect bandgap nature of bulk Si and 
Ge materials.Various approaches towards integration of 
microcavity  lasers on Silicon substrates have been 
demonstrated extensively, including co-packing, hybrid 
integration, wafer bonding, etc. But these methods more or 
less include cumbersome fabrication process [1-2]. Monolithic 
integration method, however, is another promising route 
towards low cost and scalable Si-based PICs. Because 
monolithic integration takes advantages of advanced 
fabrication process of contemporary integrated circuits, in 

other words, it is unnecessary to consider heterogenous way 
to make precise alignment between light souce and other 
optical components. Nevertheless, the fundamental challenge 
of epitaxial III-V on Si is the degraded material quality caused 
by large material dissimilarities [3]. The planar defect, anti-
phase boundary, due to the polar on non-polar growth, can be 
avoided by employing pretreated double-atomic-step Si 
substrate [4]. Furthermore, strained-layer superlattice (SLS) 
has been used as defect filter layers to significantly reduce the 
threading density defect caused by the lattice mismatched 
heteroepitaxial growth of III-V materials on Si [5]. Those works 
pave the demonstration of high-performance ridge-
waveguide lasers with quantum dot (QD) gain medium directly 
grown on the group-IV substrates through various 
intermediate buffer layers and offcut substrates, including Ge 
[6], Ge-on-Si [7], GaP/Si(001) [8], patterned on-axis Si(001) 

[9]and Si substrate with 4º offcut angle [3]. However, the 
relatively large footprint of ridge-waveguide laser limits the 
realization of microscale Si-based PICs. Recently, we have 
demonstrated InAs/GaAs QD microdisk lasers and photonic 
crystal L3 defect membrane lasers monolithically grown on 
CMOS-compatible on-axis Si (001) substrates [10-11]. 

Meanwhile, defect-free photonic crystal bandedge lasers 
arrays enable a large-area coherent oscillation, so a large 
number of attractive applications have been derived [12-13], 
including laser-based processing and light detection. The 
group velocity in energy band diagram is derived by 
differentiating the relative dispersion. When a mode with 
group velocity close to zero within the material gain region, 
the bandedge effect occurs, which means there is a large 
increase in optical path length for bandedge point and 
significantly improve the effective gain. Various high 
performance photonic crystal bandedge surface emitting 
lasers has been demonstrated with high output power and 
single mode emission [14-15]. 

In this paper, we demonstrate InAs/GaAs QD square lattice 
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photonic crystal bandedge lasers monolithically grown on on-
axis Si (001) substrate with ultra-low lasing threshold under 
632.8nm He-Ne gas laser source at room temperature. This 
square-lattice photonic crystal bandedge laser on Si can be a 
promising candidate for the coherent light source for Si 
photonics due to its low threshold characteristic and potential 
capability for high power output. 

 

  

 

Fig. 1. (a) Schematic epitaxial structure of the active region with total 
thickness ~ 362 nm (b) A high-resolution STEM image of a single InAs QD. 
(c) An AFM image of uncapped InAs/GaAs QDs. (d) Collected PL spectra of 
the as-grown structure under various input optical powers at room 
temperature. Inset: Temperature dependent integrated PL intensity. 

2. Device Fabrication 

The doping-free CMOS-compatible on-axis Si (001) substrates 
are offered for the monolithic growth of InAs/GaAs QD 
photonic crystal bandedge lasers [11]. As grown 400 nm GaAs 
layer is on the on-axis Si (001) substrate with a 0.15 ° 

misorientation with two steps by metalorganic chemical vapor 
deposition, then the substrate is transferred to the MBE 
chamber for the subsequent material growth. Four sets of 
optimized defect filter layers (DFLs) are grown after a 200 nm 

of GaAs buffer layer which is grown at 580 ℃ to make the 
epitaxial surface smooth, while each set of DFL contains a low-

temperature grown of In0.18Ga0.82As/GaAs SLSs at 450 ℃ , 

followed by an in-situ thermal annealing at 600 ℃ for 5 mins 
and then a 300nm GaAs spacer layer is covered at the top with 
high temperature. Fig. 1(a) shows the specific details of the 
epitaxial structure of the active layer, four-stack as grown 
InAs/InGaAs dot-in-well (DWELL) active layers used as the gain 
materials were grown on a 1 µm Al0.6Ga0.4As sacrificial layer 

[16], which were sandwiched by two symmetrical 40 nm 
Al0.4Ga0.6As cladding layers. Each stack of DWELL layer consists 

of 2.7 Monolayer (ML) InAs QDs grown at 510 ℃ on a 2 nm 
In0.15Ga0.85As layer and capped by a 6 nm In0.15Ga0.85As layer, 
followed by a 5 nm low-temperature grown GaAs layer and 45 

nm high-temperature grown GaAs spacer layer at 600 ℃. Fig. 
1(b) illustrates a high-resolution transmission electron 
microscope (TEM) image of a single QD, with a typical size of 
25 nm in diameter. Fig. 1(c) presents  uncapped InAs/GaAs QDs 
grown on Si (001) substrate which is captured by atomic force 
microscope (AFM), with a density of about 4 × 1010 cm-2. The 
optical property of as-grown QDs is 

 

Fig. 2. (a) A schematic diagram of the fabricated InAs/GaAs QD bandedge 
laser directly grown on on-axis Si (001) substrate. The lattice constant and 
radius of air holes are a and r, respectively. (b) A SEM image of fabricated 
photonic crystal bandedge cavity. 

investigated by a micro-photoluminescent (μ-PL) 
measurement under room temperature, as presented in Fig. 
1(d), showing various PL spectra under different continuous-
wave optically pumping powers from 1µW to 420 µW. A 
ground state emission of 1322 nm is observed, accompanying 
with a 1st excited state of 1240 nm. PL emission from the 
further excited states of QDs are pumped out while increasing 
the powers. Furthermore, am integrated PL intensity driven 
from temperature dependent PL measurement is presented in 
the inset of Fig. 1 (d), showing a thermal activation energy of 
approximately 270 meV, which is fitted by the Arrhenius 
equation. 

Fig. 2(a) shows the schematic figure of the photonic crystal 
bandedge lasers monolithic grown on on-axis Si (001) 
substrate, the lattice constant a and the air holes diameter 2r 
are pointed in the inset. The suspension structure is formed by 
wet etching the sacrificial layer underneath active layer due to 
the different etching selection ratio. The purpose of 
suspension structure is  to better confine the light in vertical 
direction, where the active layer is sandwiched by air with 
relative large different refractive index.   



 

Fig. 3. (a) The dispersion relation diagram of TE-like states for the photonic 
crystal bandedge cavity with the parameters of r/a = 0.35 and the slab 
thickness 1.05a. The inset shows the irreducible Brillouin zone. The shaded 
blue region indicates the light cone and the purple area represents the gain 
region of as-grown QDs. High symmetry points with low group velocity 
within the gain region are marked as X2, M1 and M2. (b) The 
corresponding calculated Hz field profiles. 

 

Fig. 4. (a) Emission spectrum of the fabricated photonic crystal bandedge 
laser, the pump power is 49.2µW. Lasing modes of M1, X2 and M2 can be 
determined by the spectral positions. (b)(c)(d) The L-L curve and FWHM 
as a function of input power for three lasing modes M1, X2, M2, 
respectively. 

The fabrication processes of this bandedge laser are presented 
with these steps. First, plasma-enhanced chemical vapor 
deposition (PECVD) was used for depositing ~ 120nm SiO2 as 
hard mask. Then ~ 160nm Zep520 E-beam resist was spin-
coating on the surface of this wafer, the pattern of photonic 
crystal bandedge cavities array was defined by using electron-

beam lithography (EBL) and followed by development. Hard 
mask is etched by inductively coupled plasma reactive ion 
etching (ICP) to transfer the pattern. After the removal of the 
remaining resist, ICP is using for further transformation of 
square lattice photonic crystal array to active region. The wet-
etching process was implemented to remove the hard mask 
and to undercut the sacrificial layer for the formation of a free-
standing photonic crystal structure. The fabricated photonic 
crystal bandedge cavity is shown in Fig. 2(b), which is captured 
by scanning electron microscope (SEM). 

 

3. Discussion 

The dispersion relation diagram and the corresponding eigen-
field profiles were calculated by MIT photonic bands based on 
the plane-wave expansion method [17]. The dispersion 
relation diagram of TE-like states is illustrated in Fig. 3(a), with 
the bandedge cavity parameters of lattice constant a=340nm, 
r/a=0.35 and the slab thickness ~ 1.05a. The light cone is 
indicated by the blue region. The approximate optical gain 
region (from 1194 nm to 1340 nm) of the as-grown QDs was 
represented by the purple region, covering both the ground 
state and the first excited state obtained by curve fitting of the 
collected PL spectra. Three bandedge modes at high symmetry 
points M1, X2, and M2 are possible for the lasing emission 
because of their locations in the gain region. The 
corresponding magnetic field profiles of X2, M1 and M2 are 
depicted in Fig. 3(b). For further research, to realize single 
mode emission, so methods can be figured out by slightly 
changing the dielectric energy band and air energy band of 
dispersion relation diagram. For example, parameters of 
photonic crystal bandedge cavity can be optimized to ensure   
only one bandedge point lying within as-grown InAs QDs gain 
region to meet the requirement of single mode lasing. 
Introducing taper region (with linear decrease of air holes) at 
Γ point to reduce radiation loss at X2 can also be a convincing 
way. 

A µ−PL system setup was used to characterize the fabricated 
photonic crystal bandedge lasers. We optically pumped our 
bandedge cavity at room temperature with a standard 632.8 
nm He-Ne gas laser as pumping source, whose standard 
Gaussian spot size is around 3 µm. The PL spectrum of this 
cavity with a = 340nm and r/a = 0.35 was shown in Fig. 4(a). 
M2, X2 and M1 low group velocity points are shown in Fig. 4(a), 
and the spectral positions of lasing modes are comparable 
with the calculated normalized frequencies. The light-out 
light-in (L-L) curves of the three modes are showed in Fig. 4(b)-
(d), with a linewidth narrowing observed. But, it is worth 
mentioning that due to some imperfection fabrication results, 
the full width at half maximum (FWHM) ~3nm of lasing modes 
are relatively large. The optimization of etching  can make the 
surface of photonic crystal bandedge cavity smoother, the 
sidewall of the air hole more vertical, and the diameter of the 
air hole close to the simulation result, so as to solve the 
problem of large FWHM. The bandedge modes M1 and X2 
emission peaking at 1337 nm and 1281 nm are within the 
ground state with a lasing threshold around 4 µW and 5 µW, 



respectively, while the bandedge mode M2 with a peak 
wavelength 1247 nm was in the first excited state, of which 
the threshold is ~ 7.5 µW. 

 

4. Conclusion 

In conclusion, we have demonstrated InAs/GaAs QD square-
lattice photonic crystal bandedge lasers monolithically grown 
on on-axis Si (001) substrates.  The lasers operated under 
continuous-wave optical pumping at room-temperature. 
Ultra-low lasing threshold was observed in a multi-mode lasing 
operation. With further structure design or optimized plasma 
etching profiles, a single mode lasing emission is feasible. The 
demonstrated photonic crystal bandedge lasers monolithically 
grown on Si substrate are a promising candidate as a large-
scale coherent light source for the Si photonics. 
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